We investigate cryogenic flows of liquid 4 He between two grids oscillating in phase, at temperatures ranging from about 1.3 to 2.5 K, by following the motions of small particles suspended in the fluid. We focus on flows of superfluid 4 He, which are known to display, in certain conditions, features different from those observed in flows of classical viscous fluids, such as water. We find that, at large enough flow scales, the shapes of the velocity and velocity increment statistical distributions are very similar to those obtained in turbulent flows of viscous fluids. The outcome reinforces the idea that, above 1 K and at large enough length scales, particles probing flows of superfluid 4 He behave as they were tracking classical flows, regardless of the mechanism of flow generation.
Introduction
Liquid 4 He is a low-temperature fluid, characterized by extremely low kinematic viscosity, as low as 10 −7 m 2 /s [1] , and, in this phase, it is called He I. At approximately 2.17 K, at the saturated vapor pressure, it undergoes the second-order phase transition to the superfluid state and it is then known as He II, because, contrary to the behavior of classical viscous fluids, some of its properties can be explained by taking into account quantum mechanics [2] . For example, at temperatures lower than about 1 K, He II can be entirely regarded as an inviscid fluid but, at higher temperatures, it exhibits a finite viscosity, which can be measured. He II displays also extremely large thermal conductivity that is connected with the occurrence of thermally driven flows.
These phenomena, among others, can be understood, at least to a certain extent, if both small and large scales of He II are modeled. A phenomenological large-scale model, called the two-fluid model, developed by Tisza and Landau, assumes that He II consists of two interpenetrating fluids, which are the normal and superfluid components. While the normal component is described, within the model, as a gas of thermal excitations carrying the entire entropy content of He II, the superfluid component represents a collective state of matter (described by the so-called macroscopic wave function) with zero viscosity. Density ratio of the two components is strongly temperature dependent. At the superfluid transition temperature, He II consists only of the normal component. By decreasing the temperature, the relative amount of the normal component decreases and, below 1 K, it is usually assumed that only the superfluid component remains.
In order to describe the small-scale behavior of superfluid flows, quantum mechanics can be used and this leads to the conclusion that the superfluid component may flow potentially, in simply connected regions. However, the outcome does not agree with experimental findings and the existence of quantized vortices, line-like topological defects that may occur in the superfluid component, is postulated to account for the vorticity observed in superfluid flows. These vortices are, in He II, singly quantized in units of the quantum of circulation κ = 9.97 × 10 −8 m 2 /s [1] and have been directly observed by decorating their angstrom-size core with small solid particles that became trapped onto them [3, 4] . Several experiments and numerical simulations have shown that the dynamics of quantized vortices in two-fluid flows is very rich, including vortex reconnections and creation of vortex rings: its most general form is often called quantum turbulence [2] .
This type of turbulence occurring in superfluids displays differences and similarities compared to that observed in viscous fluids. For example, the statistical distributions of the Lagrangian velocities of small particles in He II flows are characterized, at small enough length scales, by a non-classical broadening of the tails [5] . The outcome, which is independent of the imposed large-scale flow [6] , can be explained by taking into account the interactions between particles and quantized vortices. Additionally, quantum features seem to disappear at large length scales, i.e., TOPICAL PROBLEMS OF FLUID MECHANICS 295 _______________________________________________________________________ DOI: https://doi.org/10.14311/TPFM.2017.037 at scales larger than the mean distance between quantized vortices, when viscous-like properties are recovered [5, 6, 7, 8, 9, 10, 11, 12] .
It is, however, not yet known in detail to what extent large-scale flows of He II mimic flows of viscous fluids and how these similarities (and/or differences) can be experimentally observed, for example, by using the Lagrangian tracking of small particles, as in the present study. Note that it is believed that the mutual friction force [2] , arising from the scattering of thermal excitations by quantized vortices, is responsible for the locking of the two components of He II at large enough length scales, especially in mechanically driven flows, such as those due to a grid moving in the fluid [13] .
Indeed, moving grids are frequently employed to study turbulent flows of viscous fluids, as they can generate nearly isotropic turbulence, see, e.g., [14, 15, 16] . In He II moving grids have been used to investigate the decay of quantum turbulence [7, 12] and particle preferential concentration [17] but other hydrodynamic properties have yet to be experimentally studied [18] , although recently a numerical investigation on the features of superflow past a grid has been reported [19] . Here, we use a pair of oscillating grids and we visualize the flows occurring between them. By applying the experimental technique mentioned above, i.e., Lagrangian particle tracking, we directly compare large-scale flows in He II with those occurring in viscous fluids, such as water and He I. The square grid (shown in red) consists of 7 × 7 circular holes and is centered in the middle of the experimental channel by using a suitable ring (grey). The four corner holes are occupied by the grid supports. Middle: Schematic view of the experimental channel. Red rectangles: grids. Red arrows: grid stroke. Gray: rings and grid supports. Green: laser sheet. Cyan rectangles: windows. Small black rectangle, between the grids: camera field of view. Right: PDF (probability density function) of the deuterium particle radius r, obtained at 1.95 K. It was calculated by tracking particles during free fall (ca. 48 000 velocities; the density of solid deuterium is slightly larger than that of liquid helium). We assumed that the particles are spherical and that a linear drag force acts on them, following [20] . The mean radius is equal to 3.5 µm.
Experimental setup and protocol
We employ the Prague low-temperature flow visualization setup, described in detail in our previous publications, see [6] and references therein. Briefly, it consists of a low-loss liquid 4 He cryostat that, during the experiments, can be kept at temperatures ranging from ca. 1.2 to 4.2 K. The cryostat 25 mm diameter optical ports are located on its bottom tail, of square cross section (50 mm sides) and 300 mm height (see [20] for a schematic view). In the case of the present experiments two grids 296
Prague, February 15-17, 2017 _______________________________________________________________________ are suitably placed inside the tail (see the middle panel of Fig. 1 ) and are linked to a vertical shaft connecting them to a computer-controlled motor, placed outside the cryostat, providing in-phase oscillations with 10 mm amplitude and frequencies up to 3 Hz (see [11] for a picture of the motor room-temperature arrangement). In order to center the grids in the middle of our experimental channel, i.e., the tail, supporting rings are attached to them (see Fig. 1 ). Each grid has a square cross section (35 mm sides) and consists of 7 × 7 equidistant circular holes of 4 mm diameter. We can thus define the mesh size M = 5 mm as the distance between the centers of two adjacent holes. Liquid 4 He is seeded with small particles made of solid deuterium that are obtained by spraying a small amount of helium and deuterium gas mixture into the He I bath. Since deuterium solidifies at about 20 K, in liquid 4 He we obtain solid micron-sized particles whose density is slightly larger than that of the liquid. By measuring the terminal velocities of the particles, in the absence of other flow sources, we can estimate, by assuming spherical particles and Stokes regime, the statistical distribution of the particle radius; see the right panel of Fig. 1 for a relevant distribution and [20] for further details.
In order to visualize the suspended particles, we illuminate them by a laser sheet, approximately 1 mm thick and 10 mm high. A 1 Mpix CMOS camera, placed at room-temperature perpendicularly to the laser sheet, captures the particle positions and collects movies made usually of several thousand frames. The 13 × 8 mm 2 camera field of view is located between the grids (approximately 6M away from each grid).
The movies are subsequently processed. We estimate particle positions and link them into trajectories by using an open-source software [21] . The time-resolved particle positions are then linearly differentiated to obtain the corresponding velocities and velocity increments, in two dimensions (which are the horizontal one, perpendicular to the grid stroke, and the vertical one, parallel with the oscillation direction).
Probed length scales
We have reported that one of the non-classical features of quantum turbulence, resulting from the interactions of the particles with quantized vortices and leading to the power-law shape of the particle velocity distribution tails, occurs only at small enough length scales [5] .
The largest scale, at which one can likely distinguish the actions of individual vortices, is assumed to be roughly equal to the mean distance between quantized vortices that can be estimated as 1/ √ L, where L denotes the vortex line density (the total length of the vortices in a unitary volume). L can be calculated from the energy dissipation rate ε = ν eff (κL) 2 , where ν eff is the effective kinematic viscosity in He II, see, e.g., [22] and reference therein for a more detailed discussion on this issue. Since ν eff does not vary much with temperature, in the range of investigated parameters, we set ν eff = 10 −8 m 2 /s. We then estimate ε, from the imposed grid motion, as u 3 max /M , where u max indicates the peak velocity of the grid. We therefore obtain that ranges approximately between 1 µm, at the largest grid frequency, 3 Hz, and 4 µm, at the smallest grid frequency, 0.5 Hz.
The smallest viscous scale, i.e., the Kolmogorov dissipative scale, can be calculated as η = (ν 3 eff /ε) 1/4 . For the given experimental conditions, we obtain that η ranges from 1 to 5 µm. The mean diameter of the particles, 7 µm, see the right panel of Fig. 1 , results consequently larger than and η. This means that, in the present grid experiments, we can only access largescale flows. Additionally, the mean particle displacement between two consecutive frames, which is another limiting factor, results even larger: it ranges from 12 to 69 µm, at different grid frequencies (it is obtained from the grid peak velocity). As a consequence, we expect that our statistical results are mainly due to the interactions of the particles with many quantized vortices and that we can probe only the particle large-scale flow-induced behavior.
In order to access smaller scales, i.e., scales smaller than and η, we could, for example, change the resolution of the experimental setup by seeding the flow with smaller particles (which is technically challenging) and/or by increasing the frame rate of the camera, in order to decrease the mean particle displacement between the frames. We could also adjust the flow geometry to obtain turbulent flows with larger and η, i.e., we could generate oscillatory flows by using small-amplitude, slow oscillations of a large obstacle, e.g., a rectangular cylinder [11] . Table 1 : Characterization of some experimental runs. The grid oscillation frequency and amplitude are 1 Hz and 10 mm, respectively. T denotes the temperature of the liquid 4 He bath, in K. Re = u max M µ/ρ is the Reynolds number, where u max is the grid peak velocity and M denotes the mesh size; µ and ρ represent the dynamic viscosity and the density of the fluid, respectively, which are tabulated [1] . δu x and δu sd x indicate the mean value and the standard deviation of the horizontal particle velocity increment δu x , respectively, in mm/s 2 . The last column lists the total number of points for each data set (trajectories with at least five points are considered). 
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Results and discussion
We illustrate our findings by using five data sets obtained for grid oscillation frequency equal to 1 Hz, with an oscillation amplitude of 10 mm. Each data set consists of several hundred thousand particle positions and their difference is the probed temperature. The first data set, labeled A, was obtained in the viscous phase of liquid 4 He (He I), while the others were taken in the superfluid phase (He II). The different temperatures of the He II bath determine different amounts of the superfluid component. Within our temperature range, the ratio between the superfluid and total densities ranges from 0.50 (highest temperature) to 0.96 (lowest temperature) [1] . For more detailed information, see Table 1 .
Particle velocity distributions in both horizontal and vertical directions (not shown here) are nearly Gaussian, similarly to what is observed in turbulent flows of viscous fluids, see, for example, [23] and references therein. The outcome is in agreement with our recent findings, which show that these distributions display power-law tails only at length scales smaller than (or of the same order of) the mean distance between quantized vortices [5, 6] .
We plot in Fig. 2 the probability density function of the dimensionless velocity increment (δu x − δu x )/δu sd x in the horizontal direction, that perpendicular to the grid oscillation; δu x and δu sd x indicate the mean value and the standard deviation of the dimensional velocity increment δu x , which is calculated as the second linear derivative of the particle positions; see Table 1 for relevant numerical values. We can observe that the distributions of all the runs overlap, i.e., the particle velocity increments seem to behave similarly in He I and He II, at different temperatures. We argue therefore that the observed large-scale flows of He II are indeed viscous-like.
Additionally, we can see that the distributions have wide tails, up to ca. 30 times the standard deviation of δu x . The distributions are therefore much wider than the Gaussian one (black dashed line) and are consistent with the fit obtained for tracer particles in turbulent flows of viscous fluids [10, 24] (solid black line). The systematic overestimate of the curve is due to the fact that our deuterium particles are inertial ones, as the fit obtained for inertial particles in classical turbulent flows is less wide than that for tracers [10] . Moreover, the finite precision of our tracking algorithms likely results in the broadening of the distribution core, which is close to the Gaussian shape, as shown in the inset of Fig. 2 ; an indication of the statistical convergence of our velocity increment estimate is displayed in Fig. 3 .
We can then conclude out brief discussion as follows. In classical turbulent flows large values of velocity increments are linked to the occurrence of rare events. Apparently, this holds also for our data in He II. No additional effect, resulting from the presence of quantized vortices, can be observed, in the range of investigated parameters. Note that similar shapes of the distributions has also been obtained in the vertical direction (we will report the results of these grid experiments in more detail elsewhere). A length scale analysis has revealed that the smallest accessible scale, limited by the particle size and the camera frame rate, is a few times larger than the Kolmogorov dissipative scale and the mean distance between quantized vortices (whose dynamics is an essential part of quantum turbulence in He II). Consequently, we could only access the large-scale statistical properties of the flow-induced particle dynamics.
We have confirmed that the velocity statistical distributions of the particles have nearly Gaussian shapes, in agreement with previous research on quantum and classical turbulent flows. Additionally, we have shown that the velocity increment distributions do not depend on the temperature of the 4 He bath and that they are very similar to a fit obtained for turbulent flows of viscous fluids. Indeed, our results reinforce the idea that in large-scale mechanically-driven flows of He II, the velocity fields of the normal and the superfluid components are locked together and that, at the present resolution, small-scale quantum features cannot be seen from the particle motion low-order statistics.
